GaAs is brittle at room temperature at the macro-scale; however, ductility emerges when its characteristic dimension reduces to the nano-scale. Using molecular dynamics simulations, we reveal that there is a brittle-to-ductile transition in GaAs nano-rods due to the competition between generation of cracks and initiation of dislocations. Such a competition is sensitive to aspect ratios of nano-rods. These results well explain experimentally observed ductility of GaAs nano-rods and have important implications for the design of semiconductor materials with tailored mechanical properties.
Introduction
Binary compound semiconductor nano-wires and nano-rods (NRs), such as GaAs, ZnO and SiC, are attractive materials due to their remarkable physical, electrical, and mechanical properties. These materials have many potential industrial and engineering applications, including nano-building blocks in nano-electronic components and optoelectronic and electromechanical devices in micro-electro-mechanical systems [1] [2] [3] [4] . For instance, GaAs possesses direct band gaps and high electron mobility. Thus, GaAs has many advantages over elemental semiconductors like silicon and its applications range from efficient photovoltaic devices to radio-frequency electronics and optoelectronics [1] . Mechanical and electrical properties of materials at nano-scales, as is well known, are significantly different from their coarse-grained counterparts [5] [6] [7] . The giant piezoelectric size effect and size-dependent Young's modulus are identified in ZnO nano-wires [8] [9] [10] [11] . Moreover, the large plastic deformation can be induced in SiC nano-wires at room temperature [12] [13] [14] . Recently, the nano-size effect on mechanical properties of semiconductors has been a hot topic in nanotechnology and nanoscience [15] [16] [17] . However, the mechanical properties of GaAs NRs remain largely unexplored due to the lack of efficient synthetic methods [18] .
By using Au nanoparticle-catalyzed metalorganic chemical vapor deposition, vertically aligned epitaxial zinc-blende (ZB) structured GaAs NRs with an excellent crystallographic quality and an optimal shape have successfully been grown [18] . The wide lateral dimensions of as-synthesized GaAs NRs, ranging from $9 to 160 nm, provide a possibility to examine the size effect of their mechanical properties. Based on the in situ nano-indentation and tensile straining transmission electron microscopy technique, it is shown that the lateral dimension has a significant influence on the mechanical behavior of GaAs NRs. Specifically, NRs with a lateral dimension less than 12 nm exhibit a repeatable self-healing ability due to the nearfield electrostatic interaction [19, 20] . It is also found that Young's modulus of GaAs NRs decreases as the increase of their lateral dimensions because of a core-shell structure and a higher stress state on the surface area [21] . Most importantly, the compressive plastic deformation is recognized in GaAs NRs with a lateral dimension of less than 25 nm, whereas GaAs NRs with a larger lateral dimension only show brittle fracture [21] . It is expected that there is a size-dependent brittle-to-ductile transition in GaAs NRs. However, the physical mechanism and nanostructure-deformation relationships behind these exceptional mechanical properties remain elusive due to limitations in current experimental devices and techniques.
To identify the critical size that leads to a brittle-to-ductile transition in GaAs NRs, it is instructive to recall extant experimental protocols of in-situ compressive tests [21] [22] [23] [24] . For quantitatively testing the mechanical properties of GaAs NRs, a substrate consisting of NRs was mounted on a Hysitron PicoIndenter holder (PI 95) inside a JEOL JEM-2100 transmission electron microscope. A NR was compressed along its axis by the PicoIndenter with a flat diamond punch. Such a displacement-controlled mode ran at a rate of 20 nm/s and its force and spatial resolutions are 0.3 lN and 1 nm, respectively [21] . The deformation process was recorded by transmission electron microscopy images and a real-time video at the speed of 30 frames per second [21, 22] . In the compressive tests, there are two long-standing difficulties. On one hand, the force resolution (0.3 lN) is inadequate as the lateral dimension of a NR is below 55 nm and thus its mechanical properties cannot be obtained [21] . On the other hand, the structural evolution that induces to ductile deformation might escape from experimental observations since its speed ($10 3 m/s in solids) is far more than that of a real-time video. Fortunately, atomistic simulations can be used to trace back these missing details. (2) , (3) related to the pairwise and three-body interactions, respectively Abbreviations AR aspect ratio FCC face-centered cubic MD molecular dynamics NR nano-rod ZB zinc-blende This paper aims to investigate the compressive deformation of GaAs NRs by using molecular dynamics (MD) simulations that are introduced in Section 2. A size-dependent brittle-to-ductile transition is reported in Section 3 and its relevant mechanisms are discussed in Section 4. Finally, a summary is given in Section 5.
Molecular dynamics simulations
The ZB GaAs adopts an ordered sequence of three basic modules of tetrahedral bonding denoting as A, B and C (see Fig. 1a ), where each module, consisting of a Ga-As pair, is a close packed plane. An as-synthesized GaAs NR has a threefold symmetry around the [1 1 1] axis with six (1 1 0) side facets [25] . Fig. 1b shows a typical computational model generated by the visual MD [26] , with a cross-sectional dimension of 5.5 nm and an aspect ratio (AR) of 6:1. Free and periodic boundary conditions are implemented along the lateral and axial directions, respectively, to ensure the traction-free condition of a NR. To study the size effect, the lateral dimensions of NRs are chosen from 1.8 to 20 nm with the ARs varying from 4:1 to 24:1.
Interatomic interaction
A potential function with the form of
is employed to the model with the two-body (Ga-Ga, Ga-As and As-As) and three-body covalent (Ga-As-Ga and As-Ga-As) interactions in GaAs, where r ij is the distance between atoms i and j [27] . The two-body part can be written as
Here, the first term indicates the steric repulsion, defined by the strength prefactors A ij , ionic radii r i and r j , and the exponent of steric repulsion g ij . The second term is the screened Coulomb interaction due to the charge transfer with effective atomic charges (Z i and Z j ) and a screen length of r 1s = 0.5 nm [27] . The third term corresponds to the charge dipole interaction due to large polarizability of negative ions, where r 4s = 0.375 nm is a screen length [27] . The last term is the induced dipoledipole interaction with the van der Waals strength W ij .
The three-body term in Eq. (1) combines the spatial and angular dependence in the form of
where B jik = 7.9 Â 10 À19 J is the strength of interaction, h jik is the angle between r ij and r ik , and C jik = 20 and h jik = 109.47°are
constants. H(r 0 À r ij ) is a step function. The characteristic length l and the three-body cutoff length r 0 are set to be 0.1 and 0.38 nm, respectively [27] . The two-body interaction is truncated at r c = 0.75 nm [27] . To keep the potential and its first derivative continuous at r c , the two-body interaction is shifted with 
Parameters of the two-body potential are listed in introduces a nominal strain of À0.1%. Second, the NR is relaxed for 6 ps with the axial strain being fixed via a canonical ensemble [29] . Before a compression load is applied, the sample is relaxed for 20 ps to obtain its stress-free state. The stress tensor is calculated by the classical virial formula and the system temperature is controlled at 300 K by the Nosé Hoover thermostat [30, 31] . All simulations are carried out by using a modified version of the DL_POLY package, which can also be applied to predict ferroelectric behaviors of barium titanate [29, 32] .
Validation of the interatomic potential
It has been revealed that both surface elasticity and residual surface stress significantly affect the buckling behavior of nanowires under uniaxial compression [33, 34] . A positive value of either surface elastic modulus or residual surface stress enhances the critical axial load and vice versa [34] . In GaAs NRs, there is a higher stress state on the surface area that causes the varying Young's modulus with their lateral dimensions [21] . This phenomenon can be described by the employed interatomic potential. The size-dependent Young's modulus is consistent with that observed in recent in-situ compressive tests of GaAs NRs [35] . Surface properties of GaAs for the (1 0 0), (1 1 0) and (1 1 1) surfaces predicted by the interatomic potential are also in agreement with ab initio calculations and experimental measurements such as the (1 0 0) surface reconstruction [27] . Thus, these factors, especially dimensions and surfaces, are of significance for us to reveal the brittle-to-ductile transition in GaAs NRs.
Results

Tensile brittleness and compressive ductility
Before compressive tests, tensile deformation of NRs is studied for comparison. It is observed that all samples exhibit the elastic stretch and subject to brittle fracture beyond the elastic limit. A NR with a lateral dimension of 5.5 nm and an AR = 6:1, as seen in the inset of Fig. 2a , encounters brittle fracture through breaking Ga-As bonds along neighboring (1 1 1) planes at a strain of 8.8%. Under compressive loading, however, it undergoes plastic deformation without failure even as strain reaches 20%. The relevant stress-strain curve shows a serrate feature with each precipitous stress drop (points A-C in Fig. 2a) corresponding to a dislocation event. Based on structural analysis, buckling that occurs beyond the elastic limit (see Fig. 2b ) results in tensile stress on one side of the NR, while the opposite side is under a more severe compressive status. Two dislocations are detected to initiate on the surfaces of compressive sides and propagate along the ð1 1 1Þ planes. In addition, these two dislocations cut through the surface of the sample as strain reaches 5.7%. Here, strain is simply defined as a reducing ratio of the distance between the two ends of a NR. As shown in Fig. 2c , with the increase of ARs, the critical buckling To measure Burgers vectors of dislocations in the case of compressive deformation of GaAs NRs, atomic trajectories are compared before and after slip events. Two types of partial dislocations, 1=6½ 1 0 1 and 1=6½1 1 2, are identified. Fig. 3a sketches slip orientations of the two dislocations on the ð1 1 1Þ plane. Fig. 3b and c demonstrate that, to propagate these dislocations, Ga-As bonds on the intra-close packed planes have to be broken and re-bonded. Fig. 3d shows a snapshot after the two dislocations penetrate though the surface of a sample.
Length-dependent brittle-to-ductile transition
The compressive behavior of GaAs NRs significantly depends on their ARs. Taking the sample with a lateral dimension of 5.5 nm as an example, an unambiguous ductile to brittle transition is detected at the critical AR of 9:1. Fig. 4a shows stressstrain curves of samples with various ARs. It is seen that strain at the elastic limit reduces by 34% from 5.3% to 3.5% as the AR increases from 6:1 to 9:1. Moreover, the NRs with AR = 6:1 and 7:1 generate plastic deformation with compressive strain more than 20% due to multiple dislocation activities. However, as the AR further increases to 8:1, brittle fracture happens as strain reaches 10.3% although dislocation activities lead to plastic deformation after the elastic limit (see Fig. 4b ). It is of interest to note that, as the AR exceeds 9:1, brittle fracture occurs due to the generation of cracks. It is also worth noting that such a crack initiates at the tensile side via breaking Ga-As bonds along the neighboring (1 1 1) planes. The crack transversely expands and eventually results in brittle fracture of the sample.
Effect of lateral dimensions
The critical AR for a brittle-to-ductile transition in GaAs NRs is size-dependent. Fig. 5a is snapshots of three GaAs NRs with the same lateral dimension of 15 nm and different ARs: 4:1, 5:1 and 6:1, respectively. In the first case, a dislocation cuts through the sample. Such a deformation is referred to as the ductile behavior. The second one is referred to as the semi-brittle behavior, where a dislocation initiates before a crack. However, brittle fracture occurs before any dislocation traverses the sample. The last case is brittle because prior to initiation of a dislocation, a crack appears (see Fig. 5a ), where dislocation lines and crack surface are visualized by using the dislocation extracting algorithm [36] . The size-dependent deformation behavior, as summarized in Fig. 5b , can be used to specify the critical size for distinguishing between brittle and ductile behaviors in GaAs NRs.
Discussion
Tensile and compressive tests have shown that GaAs NRs under tensile loading terminate with brittle fracture while ductile behavior only appears in the case of compressive deformation via dislocation activities. Similar phenomenon is also observed in binary compound semiconductor (ZB SiC) nano-wires [12] [13] [14] 37] . During tension, a GaAs NR deforms uniformly along its axis. It ultimately subjects to brittle fracture at the elastic limit. The brittle fracture stems from the break of Ga-As bonds along the neighboring (1 1 1 compressive case, buckling occurs beyond the elastic limit, which results in a non-uniform distribution of stress on a sample. Specifically, one side of a NR bears tensile stress while the opposite side undergoes much severe compression. With further loading, a competition emerges between generation of cracks at the tensile side and initiation of dislocations at the compressive side. The preference to the former leads to brittle fracture. On the contrary, the latter ensures plastic deformation. The competition can be tuned by the critical AR, at which a brittle-to-ductile transition is realized (see Fig. 4 ). A NR with an AR more than the critical value easily tends to buckling under compression due to its flexibility. This aggravates the stress status at the tensile side and results in the superiority of cracks. With increase of the lateral dimension of a NR, the critical AR reduces since slight bending produces a severe tensile stress at the tensile side. This well explains the brittleness of GaAs at the macro-scale [19, 21] . Since tensile brittleness and compressive ductility are also confirmed in ZB SiC NRs [12] [13] [14] 37] , it is expected that there is a similar size-dependent brittle-to-ductile transition.
As shown in Fig. 2c , with the increase of their ARs, the critical buckling strain of GaAs NRs deviates from what is expected by the conventional Euler model. This is mainly due to the positive values of two surface properties: surface elastic modulus and residual surface stress [34] . On the contrary, negative values of these two surface properties may lead to an inverse trend in silicon nanowires [33] .
Furthermore, it is worth noting that traces of the 1=6½ 1 0 1 and 1=6½1 1 2 partial dislocations in ZB GaAs differ from those observed in face-centered cubic (FCC) metals. Taking a Ga-As pair (a module of a tetrahedral bonding) as a unit, the ZB structure decays to FCC according to the crystal symmetry. Here a module of a tetrahedral bonding in a ZB GaAs corresponds to a close packed plane in an FCC metal. Since slip in GaAs occurs at intra-close packed planes, the original ABC sacking sequence remains unchanged. Thus, only a dislocation line is produced after the motion of a partial dislocation in GaAs (see Fig. 6 ), which can be evidenced by means of a central symmetry parameter [38] . In an FCC metal, however, slip is along inter-close packed planes. That is, the motion of a partial dislocation alters the original stacking sequence of an FCC metal and thus a stacking fault is generated (see Fig. 6 ). This is why partial dislocation-generated stacking faults are widely observed in FCC metals and alloys [39] [40] [41] . 
Conclusion
In summary, experimentally observed compressive ductility of GaAs NRs has been investigated by using MD simulations. A significant size-dependent brittle-to-ductile transition is demonstrated due to the competition between generation of cracks and initiation of dislocations. Such a competition is regulated by a critical aspect ratio of NRs, below which dislocation activities dominate plastic deformation and otherwise the preference to cracks yields brittle fracture. The critical aspect ratio reduces with the increase of lateral dimensions of NRs. This finding provides a recipe for the design of semiconductors with ductility at room temperature.
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Stacking fault Fig. 6 . Propagation of 1=6½1 1 2 dislocation in GaAs only generates a dislocation line, while it leads to formation of a stacking fault in gold. A, B and C denote close packed stacking sites. Dashed lines are slip planes.
